Programmed cell death (PCD) was studied in the petals of Antirrhinum majus, Argyranthemum frutescens, and Petunia hybrida, using DNA degradation and changes in nuclear morphology as parameters. The petals exhibit loss of turgor (wilting) as a visible symptom of PCD. DNA degradation, as shown on agarose gels, occurred in all species studied, prior to visible wilting. The number of DNA masses in all the petals of a flower, determined by flow cytometry, markedly increased in Argyranthemum and Petunia, but decreased in Antirrhinum. Many small DNA masses were observed in Argyranthemum and Petunia. The surface of each small DNA mass stained with the lipophilic fluorochrome 3,39-dihexyloxacarbocyanine iodide (DiOC 6 ), indicating that these masses were surrounded by a membrane. In Antirrhinum, in contrast, the chromatin fragmented into several small spherical clumps that remained inside a large membranous structure. Nuclear fragmentation, therefore, did not occur in Antirrhinum, whereas nuclear fragmentation possibly was a cause of the small DNA masses in Argyranthemum and Petunia. It is concluded that at least two contrasting nuclear morphologies exist during PCD. In the first, the chromatin fragments inside the nucleus, not accompanied-or followed-by nuclear fragmentation. In the second, a large number of DNA masses were observed each enveloped by a membrane. The second type was probably due, at least partially, to nuclear fragmentation.
Introduction
Programmed cell death (PCD) in plant cells often results in permeabilization of the vacuolar membrane and the cell membrane. This permeabilization is accompanied by loss of turgor. If this occurs in numerous cells, it is visible to the naked eye as wilting van Doorn et al., 2003) .
Apoptotic PCD in animal cells is usually accompanied by DNA degradation, chromatin condensation, and nuclear fragmentation. DNA degradation often occurs in two phases. During the first phase, high molecular weight fragments (;50 kbp) are produced. This phase coincides with the first period of chromatin condensation. During the second phase, DNA is degraded into oligonucleosomal fragments, consisting of multiples of ;200 bp. When the DNA is placed on agarose gels, this results in a stack of bands, called laddering. The second phase is also accompanied by chromatin condensation (van Loo et al., 2002) . Although a clear DNA laddering pattern is often observed during animal PCD, plant cells often show a range of DNA fragments of variable length, with or without a trace of laddering (van der Kop et al., 2003; Wagstaff et al., 2003) .
Chromatin condensation has been described in numerous examples of animal (Robertson et al., 2000; Martelli et al., 2001; Rogalinska, 2002) and also in plant PCD (Gunawardena et al., 2001; Wojciechowska and Olszewska, 2003) . In animal cells, chromatin condensation can be separated from DNA cleavage, as pretreatment with copper ions had no effect on DNA degradation but prevented chromatin condensation. Since chromatin condensation required nuclear F-actin depolymerization, it was suggested that the ability to form large clumps of condensed chromatin requires disassembly of the internal nuclear structure (Widlak and Garrrard, 2005) .
Nuclear fragmentation is typical for apoptosis in animal cells. It has apparently rarely been reported in plant cells (Eleftheriou, 1986; Wojciechowska and Olszewska, 2003) . In animals, nuclear fragmentation can be prevented while DNA degradation proceeds unhindered, suggesting no tight connection between the two processes (Lavie et al., 1999) .
Both DNA degradation and nuclear morphology were investigated as parameters of PCD in petals, using three species in which the petals wilt. Preliminary experiments on petal PCD showed that the DNA masses in some species became very small, whereas this did not occur in other species. It was hypothesized that the small DNA masses were enclosed by a membrane. In order to corroborate that the DNA masses fragmented, the total number of masses was counted, using flow cytometry.
Materials and methods

Plants
All plants were grown in a greenhouse of the National Institute of Floricultural Science of Japan. Spikes (Antirrhinum majus cv. Yellow Butterfly) and potted plants (Argyranthemum frutescens cv. Yukiakari, and Petunia hybrida cv. Double Duo Pink) were transferred from the greenhouse to a growth chamber controlled at 2461 8C and ;70% relative humidity, under 12 h of daily illumination from cool-white fluorescent lights (100 lmol m ÿ2 s
ÿ1
) just before flowering. Spikes were placed in deionized water. The time to petal wilting and petal desiccation was observed in the chamber. The timing of these symptoms was noted in six flowers from two plants. All determinations were made using petals collected in the chamber.
DNA degradation
Total DNA was extracted using a modified cetyl trimethyl ammonium bromide (CTAB) method, according to Yamada et al. (2003) . DNA per corolla, or in all the petals of the ray florets, was estimated using a molecular absorption spectrophotometer DU640 (Beckman Coulter, Fullerton, CA, USA). Two biological replications were used, each from a separate experiment.
The pattern of DNA breakdown was detected using agarose gel analysis. An equal DNA sample (3 lg) was immediately electrophoresed in a gel containing 3% agarose and stained with SYBR Gold nucleic acid gel stain (Molecular Probes, Eugene, OR, USA). The gel pattern was photographed using an electronic UV transilluminator system (model FAS-III mini + DS-30; Toyobo, Tokyo, Japan). Two biological replications were used for each stage of development, of which one is shown in the figures. Depending on the species, two to several petals were used in each sample.
Flow cytometry
Intact petals were chopped, using a razor blade, in nuclear extraction buffer, part of the High Resolution Kit for Plant DNA (Partec, Münster, Germany) provided by the manufacturer of the flow cytometer. The extraction buffer is a low pH solution containing Triton X-100. The extract was filtered through 50 lm nylon mesh. The medium with the isolated DNA masses (nuclei) was collected. A buffer with the fluorescent DNA stain 49,6-diamidino-2-phenylindole (DAPI), also part of the standard reagent set (Partec), was added, and the solution was gently mixed. The DNA content of the isolated nuclei was analysed using a flow cytometer (Ploidy Analyzer, Partec). DNA levels were obtained in a total of 5000 nuclei. It should be noted that the large histogram peak was adjusted to 10 on the fluorescence scale. This means that nuclear condensation was not taken into account.
Two biological replications, each containing several petals, were used for each stage of development. Depending on the species, three to several petals were used in each sample. In each species, the number of petals was the same at all stages of development.
Nuclear morphology; chromatin condensation
Nuclei were isolated from petals in the same way as for flow cytometry. Isolated nuclei were stained with DAPI, which stains DNA, and 3,39-dihexyloxacarbocyanine iodide (DiOC 6 ), which stains lipophilic materials (in the present tests: the nuclear envelope). The nuclei were observed under a fluorescence microscope (model PROVIS AX70, Olympus, Tokyo, Japan) using U excitation (330-385 nm) for DAPI and IB excitation (460-490 nm) for DiOC 6 . Digital pictures of nuclei were obtained for each stain using a low light cool CCD camera (model DP30BW, Olympus). Images of nuclei stained with DAPI and DiOC 6 were overlaid by Meta Morph Version 6.2r6 software (Universal Imaging Corp., Downingtown, PA, USA).
Results
Time to petal wilting and abscission
Antirrhinum majus (Scrophulariaceae) and Petunia hybrida (Solanaceae) have single flowers, each with five merged petals. Argyranthemum frutescens (Asteraceae) has composite flower heads with an outer ring of ;20 ray florets, each with one large petal. The term 'petals' is defined here as follows: all petals in the corolla of the first two species, or the large petals of all ray florets in A. frutescens.
The petals of all species showed visible PCD-related wilting (Fig. 1) . The time to wilting, from full flower opening, was ;9, 10, and 7 d in Argyranthemum, Antirrhinum, and Petunia, respectively. For the present purposes, four developmental stages were distinguished: at S1 the flower has just fully opened, at S2 the very first wilting symptoms were visible, at S3 the wilting symptoms were clearly present in all petals and throughout the petals, and at S4 the petals had visibly desiccated.
Following severe wilting (S3), the petals fell within ;1 d in Petunia. The petals of the other two species remained attached to the plant and had visibly desiccated within 3-4 d after severe wilting.
DNA degradation
Agarose gel analyses showed the absence of DNA degradation by the time of full flower opening in all three species (Fig. 2, S1 ). At stage S2, extensive DNA breakdown was found in Argyranthemum and Antirrhinum. Much less degradation had occurred by then in Petunia petals (Fig. 2) . At stage S3, degradation was similar to S2 in Argyranthemum and Antirrhinum. At this stage, degradation was extensive in Petunia (Fig. 2) . Stage S4 showed fewer DNA fragments on agarose gels than stage 3, in both Argyranthemum and Petunia. More fragmentation was found, compared with stage 3, in Antirrhinum (Fig. 2) . Only faint DNA laddering was observed in all three species tested (Fig. 2) . Total DNA, as determined by molecular absorption spectrophotometry, revealed an increase by stage S2 in Argyranthemum, followed by a gradual decrease at stages S3 and S4 (Fig. 3) . In Antirrhinum, a large decrease was found between stages S1 and S2. In Petunia, the amount of DNA stayed the same between S1 and S2, then sharply decreased at S3 (Fig. 3 ).
DNA per nucleus or DNA mass
If it is not obvious that a DNA-containing nucleuslike structure still functions as a nucleus, it is called here a DNA mass. It is assumed that the DNA-containing structures observed at S1 (Fig. 5 ) are nuclei and that slightly condensed chromatin ( Fig. 5; S2 ) is still present in a nucleus.
The fluorescence stain DAPI, specific for DNA, was used to quantify the amount of DNA per nucleus (or DNA mass), using flow cytometry. The data are presented in a histogram showing the number of nuclei or DNA masses per fluorescence class, whereby the x-axis is divided into classes of increasing fluorescence (Fig. 4A) . At S1, the fluorescence distribution in Antirrhinum and Petunia was similar: one sharp peak representing the nuclei in the G 1 phase of the cell cycle (Fig. 4A) . The main peak of Antirrhinum had shifted to lower fluorescence classes, decreased in height, and become broader at stage S2. Only a few DNA masses were found in very low fluorescence classes. At stage S3, the main peak had further shifted to lower fluorescence. The peak had disappeared at stage S4, when many DNA masses had low fluorescence (Fig. 4A) . In Petunia, these changes occurred relatively more quickly than in Antirrhinum. At S2, the main peak was already Fig. 1 . Time to petal wilting and petal abscission in Antirrhinum majus, Argyranthemum frutescens, and Petunia hybrida. Stage S1, full flower opening; S2, onset of petal wilting; S3, full petal wilting; S4, petals desiccated. All pictures have the same scale. Fig. 2 . Agarose gel analysis of total DNA isolated from the petals of Antirrhinum majus, Argyranthemum frutescens, and Petunia hybrida. A 3 lg aliquot of total DNA was extracted from the petals, then electrophoresed in a 3% agarose gel and stained with SYBR Gold nucleic acid gel stain. Lanes S1-S4 refer to DNA isolated from petals at stages S1-S4. Stage S1, full flower opening; S2, onset of petal wilting; S3, full petal wilting; S4, petals desiccated.
Nuclear degeneration during PCD in petals 3545 much smaller, and many DNA masses were by then found in classes with low fluorescence. By stages S3 and S4, the main peak had decreased further (Fig. 4A) .
In Argyranthemum petals, two rather broad peaks were observed at S1. The second peak slightly shifted to lower fluorescence between S1 and S2, and decreased in height from S1 through S3. It had disappeared by S4. The first peak stayed in the same position from S1 to S3 and increased in height between S1 and S2, then remained about the same height (S3) and subsequently disappeared (S4). The number of DNA masses with very low fluorescence increased from S2 to S4 (Fig. 4A) .
Since the main peak at S1 was placed at the arbitrary fluorescence value of 10 1 , any mitotic nuclei, which have twice as much DNA as G 1 nuclei, are expected at ;2310 1 . Indeed, this is where a small peak was found at S1 in Antirrhinum and Petunia (Fig. 4B) . No such small peak was found at later stages of development, and no small peak was observed at any stage in Argyranthemum (Fig. 4B) . It might be questioned whether the second peak in Argyranthemum represents mitotic nuclei. As further pointed out in the Discussion, it is suggested that it does not.
Nuclear morphology
Nuclei or DNA masses were isolated from petals, stained with DAPI, then observed using fluorescence microscopy. When comparing stages S2 with S1, the nuclei of Antirrhinum showed a considerable increase in fluorescence and decrease in diameter (Fig. 5) . Compared with S2, the diameter of the nuclei had increased by S3. At that stage, clumps of chromatin had bright fluorescence. At stage S4, the diameter of these clumps seemed to have increased. The diameter of the nuclei had also increased, with respect to S3 (Fig. 5) .
The morphological changes in Argyranthemum were similar to those in Petunia (Fig. 5) . At stage S3, some DNA masses had a smaller diameter and a slightly brighter fluorescence than the nuclei isolated at stages S1 and S2. At stage S4, the diameter of several DNA masses became increasingly smaller. Apparent fragmentation of a DNA mass was observed in one example each of Argyranthemum and Petunia (Fig. 5, arrows) .
The diameter of the Argyranthemum nuclei at S1 was about three times that of the two other species tested (Fig. 5) . Argyranthemum contained two types of nuclei at stages S1 and S2, one with a considerably smaller diameter than the other (data not shown). The pictures representing S1 and S2 of Argyranthemum in Fig. 5 shows typical examples of these two groups.
Staining for lipidic material around the nuclei and DNA masses Nuclei and DNA masses, at various stages of PCD, were isolated and stained with the cationic lipophilic fluorochrome DiOC 6 . The same nuclei were stained with DAPI and the two fluorescence images were compared (Fig. 6) . In all three species tested, fluorescence microscopy of nuclei at stage S1 that had been stained with DAPI indicated a nuclear envelope. Surprisingly, staining with the cationic lipophilic fluorochrome DiOC 6 did not reveal the presence of a nuclear envelope at stage S1 in any of the three species tested. Similarly, no such membranous structure around the nuclei or DNA masses was detected after DiOC 6 staining of DNA masses and nuclei isolated at stages S2 and S3 (results not shown). Staining with DiOC 6 , however, did show the presence of lipophilic material around most nuclei at stage S4 in all three species (Fig. 6) . In Antirrhinum, DiOC 6 stained a lipophilic material at stage S4, when the nuclei were in a distinct phase of chromatin fragmentation, a phase not found at stages S2 and S3 of this species (Fig. 6) . In Argyranthemum and Petunia, DiOC 6 only stained very small nuclei, which were not yet found at previous stages (Fig. 6) . Fig. 3 . DNA per corolla in Antirrhinum majus and Petunia hybrida, and in the petals of all ray florets of Argyranthemum frutescens. DNA levels were estimated by molecular absorption spectrophotometry. Values are means 6SD of two separate experiments (total n=4). Stage S1, full flower opening; S2, onset of petal wilting; S3, full petal wilting; S4: petals desiccated.
Total number of DNA masses per corolla or in the petals of the ray florets
The total number of nuclei or DNA masses per corolla, or in all the petals of the ray florets, was measured by standard DAPI staining. A known fraction of the total sample was taken for flow cytometry, whereby the instrument was used to count the number of nuclei or DNA masses in the sample. In Antirrhinum, the number of nuclei or DNA masses per corolla, as determined by flow cytometry, decreased from day 3 after full flower opening, i.e. clearly before stage S2 (Fig. 7 ). An increase in the number of DNA masses was found in the petals of all ray florets of Argyranthemum and the corolla of Petunia (Fig. 7) . In Argyranthemum, the number increased by about one-third, and in Petunia the number almost doubled. From day 10 (Argyranthemum) or day 7 (Petunia), the measured number of DNA masses decreased again (Fig. 7) .
Discussion
Two distinct types of nuclear morphology were observed during PCD in petals. One (Antirrhinum) was characterized by chromatin clumping into spherical bodies inside the nuclear membrane (Fig. 6 ). The cells lacked nuclear fragmentation during PCD. In the other type (Argyranthemum and Petunia), the DNA masses became increasingly smaller and no structures were observed that were similar to those in Antirrhinum (several DNA masses together surrounded by a common nuclear membrane; Fig. 6 ). Given the considerable increase in the number of DNA masses (Fig. 7) , and given two examples of apparent nuclear fission (one in each species; Fig. 5 ), the data indicate nuclear fragmentation in both Argyranthemum and Petunia. The ongoing decrease in diameter of the DNA masses in Argyranthemum and Petunia might come about by a combination of nuclear fragmentation and DNA degradation. DNA breakdown occurred at the same time as the decrease in the diameter of the DNA masses, and might therefore contribute to the decrease in mass size.
The increase in the number of DNA masses per corolla or in the petals of all ray florets (Fig. 7) might be due partially to mitosis. However, mitotic nuclei were not observed in Argyranthemum, and only at S1 in Petunia. We calculated that the mitotic nuclei at S1 of Petunia comprised ;2.8% of the total number of nuclei. It is unlikely that such a low number of mitotic nuclei would fully explain the increase in the total number of DNA masses per corolla. Furthermore, 
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a similar number of mitotic nuclei was detected in Antirrhinum (2.4% of the total number of nuclei at S1), but, in contrast to Petunia, no increase in the total number of nuclei per corolla was found (Fig. 7) . Mitosis, therefore, is not an adequate argument against the idea of nuclear fragmentation. 3548 Yamada et al. Fig. 6 . Differential staining of membranous material and DNA masses in the petals of Antirrhinum majus, Argyranthemum frutescens, and Petunia hybrida. DNA masses (including functional nuclei) isolated from petals were stained with DAPI and DiOC 6 , and then observed using a fluorescence microscope under U and IB excitations. In all three species, the nuclear envelope showed fluorescence after staining with DiOC 6 only at stage S4, not at earlier stages.
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The number of DNA masses per petal decreased at S2 (Petunia) or S3 (Argyranthemum). This decrease might be due, at least in part, to a measurement error. The cytometric method has a lower limit of fluorescence, so does not count particles that are below a certain size, even though the fluorescence per unit surface stays the same. In the flow cytometry histograms of Petunia (Fig. 4) , many DNA masses were present at the detection limit, at all stages beyond S1. This indicates that many DNA masses were too small to be detectable by the present cytometry method. Similarly, in Argyranthemum (Fig. 4) , several DNA masses were found at the detection limit at S3 and more at S4. The method might therefore mask a much larger (than measured) increase in the number of DNA masses per petal in these two species.
Histograms of Argyranthemum DAPI staining showed two large peaks (Fig. 4) . These might be due to mitosis, different ploidy levels among the test plants, or polysomaty. Mitosis is not a likely cause. During PCD, the second peak shifted to the left (a decrease in fluorescence per DNA mass). It is not to be expected that the nuclei in mitotic cells change properties because of PCD in other, fully differentiated, cells. Rather, if the second peak showed mitotic nuclei, the first peak would be G 1 nuclei, thus expected to shift to the left between S1 and S3. No such shift did occur (Fig. 4) . This indicates that the second peak refers to nuclei in cells undergoing PCD. The two peaks corresponded to two types of nuclei, one about half the diameter of the other. Polyploidy might be the cause. However, if some individual plants had double the number of chromosomes, compared with other individuals, the same changes would be expected in each of the two peaks. This was not observed. Clear differences in the length of flower life span among individual plants, which could possibly explain the cytometry data were also not observed. Thirdly, the effect may be due to polysomaty, which is the phenomenon whereby organs of the same individual contain cells or cell lines of various ploidy levels. Polysomaty is due to endoreplication of DNA, without cell division. It is found in various organs, including leaves, and has been observed in almost all species studied (Mishiba and Mii, 2000) . If the peaks reflect polysomaty, the cells with the higher ploidy level showed DNA degradation, whereas the other cells did not, or not yet. This seems possible, as different petal tissues, such as the mesophyll and the epidermis, can be in various phases of PCD (van Doorn et al., 2003) . The nature of the two peaks in Argyranthemum warrants further investigation. Interestingly, each of the small DNA masses in Argyranthemum and Petunia cells at S4 showed superficial fluorescence after staining with the lipophilic fluorochrome DiOC 6 . This indicates that these structures were surrounded by a membrane. DiOC 6 is quite sensitive to changes in the proton electrochemical potential difference. DiOC 6 is often used to determine this potential over the internal mitochondrial membrane. The mitochondrial potential dissipates during PCD, which is accompanied by an increase in DiOC 6 fluorescence (Grégory et al., 2002; Kataoka et al., 2005) . The method of measuring the electric potential over the inner mitochondrial membrane uses relatively low (nM) DiOC 6 concentrations. When using relatively high concentrations (>1 lM), the dye also accumulates in other lipidic domains such as the plasma membrane, endoplasmatic reticulum, microtubules, and the nuclear envelope (Grégory et al., 2002) . Matzke et al. (1988) showed that DiOC 6 treatment of isolated nuclei sometimes did and sometimes did not result in fluorescence. It was inferred that the absence of fluorescence was due to the presence of certain membrane proteins, which would inhibit DiOC 6 binding. Another suggested reason for the absence of staining was the presence of a high transmembrane potential, similar to 3550 Yamada et al. that in mitochondria. Whatever the reasons, it was found here that the nuclear envelope of Antirrhinum, whose nucleus clearly did not fragment, did not show any DiOC 6 fluorescence at stages S1-S3, but did fluoresce at S4. The same was observed with what seemed to be membranes around the small DNA masses at S4, in Argyranthemum and Petunia. As far as DiOC 6 staining is concerned, therefore, no difference was found between a nuclear membrane (Antirrhinum) and the superficial structure around the DNA masses in Argyranthemum and Petunia. These data, therefore, do not contradict the idea that the small DNA masses were surrounded by a nuclearlike membrane.
Details of DNA degradation have been studied recently in plant-attached Petunia flowers, either left unpollinated or following pollination. Pollination advances PCD in ethylene-sensitive flowers such as Petunia. Irrespective of ethylene treatment, DNA fragmentation, as observed by the TUNEL assay, occurred late, when the petals already produced high amounts of ethylene and showed visible wilting (Langston et al., 2005) . The present data, from unpollinated flowers that remained attached to the plant, show time lines of DNA cleavage and petal wilting that are similar to those of the non-pollinated flowers in the study of Langston et al. (2005) .
In animal cells at least two types of nuclear fragmentation have been described. In the first, patches of condensed chromatin protruded from the nuclear surface and then budded off from the nucleus in sealed vesicles. In the second, chromatin condensed into small crescents after which a cleft is formed in the nuclear envelope, which results in splitting a portion off the nucleus (Dini et al., 1996) . The nuclear morphology in wheat protophloem sieve elements (Eleftheriou, 1986 ) is reminiscent of the former type. The nuclear fragmentation during endosperm PCD (Wojciechowska and Olszewska, 2003) might be similar to the second type. The presence of numerous DNA masses in Argyranthemum and Petunia is similar to that in endosperm PCD (Wojciechowska and Olszewska, 2003) .
The nuclear morphology as presently found in Antirrhinum (no apparent nuclear fragmentation, clumps of condensed chromatin) is similar to that observed in PCD of the barley aleurone (Wang et al., 1998) and pollen formation (Wang et al., 1999) . Others observed chromatin condensation and its redistribution to the nuclear periphery (Gunawardena et al., 2001) or nuclei almost filled with highly condensed chromatin (Gunawardena et al., 2005) during late stages of PCD. In other systems, cellular death was not preceded by any clear morphological change in the nucleus. During PCD in tracheary elements, for example, the nucleus did not show DNA degradation or chromatin condensation prior to vacuolar rupture. The rupture rapidly resulted in complete nuclear digestion (Obara et al., 2001) .
It is concluded that nuclear morphology during petal PCD changes in at least two ways, depending on the species. One type of degradation shows fragmentation of the chromatin into a number of small clumps that remain inside the nuclear membrane. The other type is characterized by the presence of small DNA masses, each apparently individually surrounded by a membrane. The data suggest the hypothesis that the small DNA masses are at least partially the result of nuclear fragmentation, although they can also become smaller because of ongoing DNA degradation.
